Supplementary Figure 2 . Schematic of the XY8-K sequence used for measuring nuclear magnetic fields with shallow NV centers. K numbers of pulses are applied to the NV center, where the relative phase of the pulses is adjusted by 0° or 90° depending on whether it is a or pulse.
Supplementary Figure 12 . The scaling of the XY8-128 signal contrast as a function of the number of interaction nuclear spins, in the strong coupling regime. We assume that the coupling between the NV spin and the nuclear spin is 3 kHz, which is twice as strong as the nuclear-nuclear spin interaction (1.5 kHz). The nuclear Larmor frequency is set as 1 MHz. Figure 1a) . To identify shallow NV centers we measured the nuclear magnetic signal produced at the Larmor frequency of statistically polarized hydrogen nuclear spins in immersion oil for 20 different NVs (Supplementary Figure 1b) .
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We used the XY8-K dynamical decoupling sequence to measure magnetic fields at the Larmor frequency of 1 H. For the initial characterisation, a dense nuclear spin sample of immersion oil was used [3] and the signal remains in the classical regime, therefore we used a classical description of the signal.
Supplementary Note 2. The XY8 decoupling sequence
In the beginning of the sequence the NV center spin is polarized by green laser light (532nm) to the 0⟩ state. A following microwave pulse initializes the NV spin into a coherent superposition state   . In the end a second microwave 2  pulse converts the phase into a population difference, which can be read-out by another laser pulse.
The XY8-K sequence [4] itself consists of equally spaced π pulses along the x and y axes (Supplementary Figure 2) :
The number K is the total number of π pulses for the whole sequence, where the basic XY8 unit is repeated several times. The XY8 sequence suppresses the effect of magnetic field fluctuations leads to an observable echo decay as [5] :
where a factor of 2 comes from the integral extending from 0 → ∞, is the NV gyromagnetic ratio, ( ) is the power spectral density of the magnetic field signal:
and ( ) is the filter function obtained by application of the XY8-K sequence [5] :
The noise power spectrum can be obtained from the measured echo decay by deconvolution of the signal from the filter function. For high orders of the XY8-K sequence this filter function can be approximated by a stepwise discrete function:
The linewidth of the filter function is therefore given by . To show how the linewidth varies with increasing number of -pulses, different XY8-K measurements were performed while applying an artificial noise of 3MHz, which corresponds to the hydrogen Larmor frequency at a magnetic field of around 700 G (Supplementary Figure 3) .
With this approximation for the filter function, the echo decay factor can be written as
and therefore we estimate the power spectral density of the magnetic field fluctuation as follows:
Supplementary Note 3. Estimation of the NV depth and sensing volume
Measurements were performed at a magnetic field near 616 Gauss, which corresponds to a hydrogen Larmor frequency of 2.6 MHz. About half of the NVs showed a signal from the hydrogen spins and of these, three NVs showed a significantly stronger signal (NV-1, NV-6, NV-7). Supplementary Figure 4a shows the echo-decay signal that we obtained from an XY8-16
sequence for NV-6. The signal is normalized by the Rabi contrast. Supplementary Figure 4b shows the power spectral density calculated from the experimental data in Supplementary Figure   4a , where a peak at the expected frequency (corresponding to t = 0.19 µs) is visible.
Measurements at different magnetic fields were performed to ensure that this feature changes frequency in accordance with the gyromagnetic ratio of hydrogen.
The inverse Fourier transformation of the noise spectral density gives the nuclear spin field fluctuation as
The measured magnetic field fluctuation then leads to a depth estimate of between 2.1 and 2.3 nm for NV-6, depending on the density of the oil, see Methods section (Supplementary Figure 5) .
The estimated depths for the most shallow NVs are summarized in Supplementary Table 1 We note that the signal from 29 Si has been detected using an XY8-64 pulse sequence, whereas the 1 H signal was obtained with an XY8-32 pulse sequence. The magnetic field was adjusted so that the Larmor frequency of both species was comparable for each measurement. We find that the magnetic signal is a factor of 4 weaker from the silica layer, where we have taken into account the difference in gyromagnetic ratios of the nuclear species, experimental pulse number and Larmor frequency to make the comparison. This gives an initial estimate that the signal measured for NV-6 arises from interaction with 6 silicon nuclear spins. Calibration for NV-7 gives an interaction with 8 silicon nuclear spins.
Supplementary Note 5. Echo decay from 29 Si nuclear spins
Since the interaction between 29 Si nuclear spins is much weaker than the interaction between the NV spin and 29 Si nuclear spins (see Supplementary Figure 7 where is the vacuum permeability, are the NV and nuclear gyromagnetic ratios, is the distance between the NV and nuclear spins, and , are the NV electron and 29 Si nuclear spin operators respectively. The second term of the Hamiltonian can be rewritten as
where is the angle between the z-axis and the vector connecting the NV and nuclear spin. The first term gives the parallel component of the hyperfine interaction, and the second term gives the perpendicular component. By summing over nuclear spins and writing compactly ( ) we obtain the formula in the main text. and the echo decay is
From Supplementary Figure 11a we see that the effect of Si-Si interactions to the total echo amplitude is negligible for a shallow NV center and therefore we did not take those interactions into account in the following analysis. Supplementary Figure 11b shows how the echo decay amplitude decreases strongly with increasing NV center depth. The form of the decay amplitude is in close agreement to an curve which is expected for an NV center strongly coupled to individual nuclei, rather than for an NV center interacting with a bath of spins in the halfplane.
In addition we find that for short interaction times ( ⁄ ) the signal contrast, scales linearly with the number of interacting spins (Supplementary Figure 12) . As the decay amplitude also depends on the precise location of each nuclear spin due to the spatial anisotropy of the hyperfine interaction (see Supplementary Figure 13 ), we assume that each nuclear spin has the same coupling to the NV center. In Supplementary Figure 12 , we plot the signal contrast obtained from the full Hamiltonian of the NV spin and the nuclear spins, including the interaction between nuclear spins, which are assumed to be weaker than the interaction between the NV spin and the nuclear spins. The overall signal scales linearly with the number of nuclear spins, i.e. it is the sum of the signal from individual nuclear spins.
Supplementary Note 7. Analysis of the echo decay by basis pursuit
The experimental signal obtained after XY8-512 is plotted in Supplementary Figure 14 and also in Figure 3 In the strong coupling regime, there is no longer a one-to-one correspondence between the magnetic field from a single nuclear spin and the echo signal. We show this graphically in Supplementary Figure 13 , highlighting that as the measurable field increases (by bringing the 29 Si closer to the NV), the echo amplitude diverges.
To quantify the contribution of individual spins to the overall echo decay we sort the contribution
Si in descending order, and define the combined contribution by the first 29 Si to the contrast of the echo signal as 
Supplementary Note 8. Recovery of nuclear positions by basis pursuit
The stability of basis pursuit in the presence of noise has been demonstrated mathematically in
Ref. [6] . Here we provide an illustrative example of the super-resolution properties of basis pursuit denoising, i.e. that frequency components may be recovered with a higher resolution than given by the measurement linewidth. Indeed, detailed information on the location of the spins contributing to the signal shown in Figure 3a may be obtained, despite the noisy and rather featureless lineshape.
In Supplementary Figure 16a 
Supplementary Note 9. Uncertainty in nuclear locations
To analyze the uncertainty in the nuclear locations, we note that the determined location of each nuclear spin can vary due to both the circular degree of symmetry around the NV axis (which means the azimuthal angle of the nuclear spin with respect to the NV axis is unknown), and also due to uncertainty in the BPDN fit. We first estimate the uncertainty in the fitted location due to the noise in the raw data. We take the uncertainty in the fitted amplitude from BPDN to be comparable to the shot noise of the data, and the uncertainty in the fitted frequency to be 0.5 kHz (comparable to the frequency spacing of the basis functions). From these uncertainties we can plot the recovered positions of the nuclear spins (see Supplementary Figure 17a ). We can see that the uncertainty in the location of the weakest coupledthat the uncertainty in the location of the strongest coupled spin (colored red). This is because for spins that are further from the NV center, small changes in coupling strength correspond to larger changes in distance to the NV. Taking the standard deviation of the location in each direction ( ) we find that for the closest spin ( ) (0 0 0 ) and for the fourth spin we obtain an uncertainty in the position of ( ) (0 0 ).
The circular symmetry of the hyperfine pattern also means that even if the distance and polar angle of individual spins with respect to the NV center is known perfectly, the azimuthal angle is completely unknown. However as the detected spins lie very close to the diamond surface, the circle of symmetry (around the NV axis) intersects with the diamond after only several tens of milliradians. As a result the uncertainty in the both the height of each nuclear spin and its location along this arc also has a very small standard deviation. In Supplementary Figure 17b 
Supplementary Note 10. Rotating the magnetic field to determine nuclear locations
In the low magnetic field regime (<100 Gauss) and the high magnetic field regime (>>1 kGauss), the NV spin polarisation and readout is largely unaffected by small misalignments of the magnetic field, and then the B field angle may be changed to locate each nuclear spin. We operated in the intermediate range, where small misalignment of the magnetic field with respect to the NV axis strongly influences the NV spin polarisation and readout. A further complicating factor is that the host 15 N nuclear spin of the NV center becomes rapidly entangled with the NV
